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ABSTRACT

This paper investigates the application of metallic hydrogen as
rocket propellant, which contains a specific energy of about 52
kcal/g in theory yielding a maximum specific impulse of 1700
s. With the convincing advantage of havir.g 2 density fourteen
times that of conventional liquid hydrogen/liquid oxygen pro-
pellants, metallic hydrogen could satisfy the demands of advan-
ced launch vehicle propulsion for the next millenium.
Provided, that there is an atomic metallic state of hydrogen, and
that this state will be metastable at ambient pressure, which is
still not proven, the present publication shows the results of the
investigation of some important problem areas, which concem
the production of metallic hydrogen, the combustion, chambe:
cooling and storage.

The results show, that the use of metallic hydrogen as rocket
propellant could lead to revolutionary changes in space vehicle
philosophy towards small size, small weight and high perfor-
mance SSTO system:. The use of high meiallic hydrogen mass
fractions resuits in a dramatic reduction of required propellant
volume, while gas temperatures in the combustion chamber
exceed 5000 K. Furthermore it follows from this study, that hy-
drogen (liquid or' slush) is the most favourable candidate as wor-
king fluid. However, jet generated noise has to come into
iniense consideration, due to the very high exhaust velocities,
which are possible with metailic hydrogen propellant.

Symbols and abbreviations:

Ce : Exhaust velocity

DV : Veloaty increment
Hmet : Metallic hydrogen
LHmet : Liquid metallic hydrogen
SHmet : Solid metallic hydrogen
MA  : Methyl aicohol

MO  :Overall launch mass

M1 : Payload mass

M8  : Piopellant mass

Mn  : Vehicle dry mass

LH2 :Liquid hydrogen

SLH2 : Slush hydrogen

SH2  : Solid hydrogen

RP1  : Rocket propellant number one
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LINTRODUCTION

During the last thirty years space iechnology became a more and
more economic factor in many areas. In particular, in the ficlds
of ES-LEO transportation systems but also in many fields of
satellites aprlications the aspect of competitiveness gained in
significance. Against the background of the expected increa-
sing space activities in number during the next decades, assisted
by the establishment of growing space stations as well as by
expanded missions to other celestial bodies up to its coloniza-
tion (moon and mars), the following aspects concerning the
realization of those space projecis should be regarded with
priority:
a)Reduction of the specific transportation costs ($/kg-payload)
by the factor 10 from today's level (about 25000 to 40000 $/
kg)
b)Increase of space transportation capacities
¢)Increase of space transportation vehicle performance
d)Reduction of ncgative implications to the environment (noise
power, exhaust gas reactions with ambient air, required pro-
pellant mass per kg payload, eic.)
e)Increase of reliability
In view of these demands, the propulsion system represents the
decisive influencing component of launchers. The performan-
ce of a rocket engine itself will be mainly influenced from the
quality of the used propellant combination, which is characte-
rized primarily by the specific impulse.
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PROPELLANT .p (8) DVICe Mi/nie $/kg-M1 M1
COMBINATION

LOW ENERGETIC <280 HIGH VERY LOW] ™ HIGH HIGH
MEDIUM ENERG 280-330 MEDIUM LOW MEDIUM | MEDIUM
HIGH ENERCETIC 330-500 LOW MEDIUM Low Low
SUPER HIGH ENERGETT >500 VERY LOW HIGH | VERY LOW| VERY LGW

Isp: Specific impulse

LV/Ce: Propellant performance parameter
M1/MO: Payload mass ratio

$/kg-M1: Specific ransportation cost

MB8/M ). Specific propeliant

Tabh.1-1: General correlation between propellant perfor-
mance and main launch vehicle parameters

In Tab.1-1 the effects of the realizable specific impulse on the
characteristic performance parameters of launch systems is
shown. A diminishing value of the engine performance parame-
ter DV/Ce (corresponding to challenge c) as well as increasing
lightweight construction capability lead 1o increasing payload
ratios (M1/MO) and therewith to increasing space transporta-
tion capacities (corresponding to challenge b). Increased pay-
ioad mass ratios could lead to reduced specific transportation
costs (corresponding to challenge a).
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Iig. 1-1: Influence of weight fracion of free hydrogen radicals
in the propellant, H/(H+H2), respectively the specific energy, Q,
on the specific impulse, Isp, for various efficiency factors; k:
ratio of specific heats, Pc; chamber pressure, Pe: nozzle exit
pressure

As may be scen below, the use of super high energy propeilants
could reduce the propellant consumption considerably, in the
course of which metallic hydrogen represents the most promi-
sing candidate. The interest of this study into metallic hydrogen
as rocket propellant is based on the very high energy content,
which is equivalent 10 high theoretical performance, which in
turn is indicated by the specific impulse.

The specific impulse formula used, is as function of the overall
nct energy release per unit mass of propellant and is derived
from the equation of the ideal exhaust velocity of a gas after
thermodynamic expansion. Introducing an overail efficiency
factor for the energy conversion (as a functicn of the ratio of
specific heats, k, and pressure ratio, Pc/Pe ) lead to:

Isp=(2=hQ)* /g (5)

where
h: Efficiency factor for energy conversion =1-(Pc/Pe)
Q: Specific energy [IAg] (= 4.184E6+Qjkcal/gm))
8: Gravitational constant (9.81 m/s?)

Using inclecular hydrogen as working fluid, the energy release
of the propellant can be calculated by multiplying the specific
energy of melailic hydrogen by the weight fraction of the
encrgized spezies in the propellant. For this case, complete free
radical reactions and complete quenchiing of the metastable
species to the ground state will be assumed.

In Fig. i-1 the values for the specific impulse arc plotted over
the weight fraction of frec hydrogen radicals in the propellant
and the specific encrgy, considering varicus efficiency factors.
In the following chapters, the results of the investigation of
some idcntificated problem areas concerning the applicaticn of
metallic hydrogen as rocket propeliant will be given, on condi-
tion, that atomic metaliic hydrogen will existand be metastable.

The interest in metallic hydrogen as rocket propellant results
from the very high bonding energy between the atoms of the
hydrogen molecule, combined with a very high density (proba-
bly 1150 kg/m3). The amount of energy which is necessary for
the production of Hmet, that means the homolytic dissociation
of molecular hydrogen into the metallic atomic state {H, <-->
ZH), conld be induced by pressure energy.
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Fig.2-1: Pressure impacts

The corresponding developmentof the research on metallic hy-
drogen was not only aimed at the possible use as rocket propel-
lani but also due to using the supposed superconducting charac-
teristics. Fig.2-2 shows in a selfexplanatory way the essential
acknowlegdments of titt metallic hydrogen research efforts,

There are two different procedures showing the growing stage
of knowledge, first on an cxperimental basis, and second on
theoretical investigations. As may be seen, the main research
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Fig.2-1: Develepment of research efforts in the field of metallic hydrogen over the years

constraints concerned proving the existence of Hmet. The expe-
rimental investigations arc very closely connected to high
pressurc rescarch, To give an impression of the very high
pressures of 2.5 to 4 Mbar, which wili be required for Hmet pro-
duction, Fig.2-1 illustrates different impacts due to the appea-
rance of pressure.

The main propertics of Hinet are summarized on Tab.2-1. For
this study only those properties of metallic hydrogen are of in-
terest, which are of importance for use as rocket propellant,

The present investiga-
comblinations tions wil! give ageneral
idea of metallic hydro-
Thrust chamber gen propellant applica-
tion. Due to the wide
range of investigation
cooling arcas, only those will
be presented, which

Tab.2-1: Properties of metallic hydrogen; properties
important for this study are marked
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3.1 CHOICE OF PROPELLANT COMBINATIONS

Due to the very high energetics of metallic hydrogen, yielding
very high thrust chamber gas temperatures (as may be seen
later), a secondary propellant component is required, which ab-
sorbs the heat of reaction and serves as expansion medium. The
choice of the right working fluid should be done against the
background of the general known propellant features.
Besides the combination of Hmet/LH2 as presenied in tie
introduction, the following investigaiions include also morc
dense elements like slush hydrogen SLH2 and solid hydrogen
SH2 which are cryogenic fuels, but also storable ones like the
conventional used rockei propellant RP1 and another candida-
te, namely methyl alcohol, which offers higher performances
compared toRP1. Tab. 3-1lists the basic data of the investigated
reactants fuels.

hemical Formulz | Enthalpy Phase | Temp(K) Densh; Desig -
(cal/moie) (g/em 3) | nation
Hydrogen H2 2154 liquid 2027 0,0709 LH2
RP-1 C1H1.9423 4530 liquid! 208,(3 0,773 RP1
Methy! alcohol CiH4 -57040 liquid 208,13 0,7866 MA

Tab.3-1: Reactants fuels data

The choice of the propeilant combinations determines the lankage con-
cept. For lack of data about metallic hydrogen properties (will itbc a
liquid or a solid?, storage temperature?, etc. as explained in chapter 3)
varions possible propellant combinations alternatives have beenregar-
dcd. They are lisied in Tab.3-2 (where -P stands for powder, -G stands
for grain). The marked propellant combinations (PC-x) will be analy-
sed below.

Nmet | L2 RP1 Ma SLM2 ST [SHmet - [ SHmet
-P -G
mel PCI FC2 [T PCa_
L2 PCS | PC6
SL2 PCT PCE
RP1 PC9 | PCIO
1A [N eV
SH2 PCi3 PCid
PCL Propellant combunstion
PCl.4: Liquid sysemx
PCS...12: Hybrid syslema
PC13,14: Solid sysens

Tab.3-2: Investigated propellant combinations

3.2 THRUST CHAMBER PERFORMANCE PARAME-
TERS

The thrust chamber is the basic element of a chemical rocket
engine. Typical chamber parameters (defined in Tab.3-3) are
shown in the following figures 3-2 to 3-5, based on thermcche-
mical computations which equate the heat of reaction of the
propellant combinations and the rise in enthalpy of the combu-
stion gases at {rozen composition [16].

Perameter Symbol | _Unit Tab.3-3: Thrust
Specific heat ratio x N chamber perfor-
Characteristic velocity C* m/s mance parameters
Gias temperature T oK

Bulk density & ka/m3

Vac. specific impulse Iyag_ ms |

Densitiy impulse I Ns/dn?
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All parameters are plotted against the metallichydrogen mass fraction
(respectively weight fraction). All data are given for 68:1 expansion
raiio. The energy siofing capacity of the propellant gas maolecnles i
indicated by the specific heat ratio. Increasing values of x indicate
decreasing energy storage capabilities, due to a lower number of
degrees of freedoms, and in turn gives lower engine performance.

T T T T T
SPECIFIC HEAT RATIO
b [
-] L
3 s o Hmet/LH2 /w’{“;
& | e
ug;' 13 Hmet/MA i
T \2 .\ A /
BN
‘ 1.1 Vv
1,0 ‘L
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01 ©02 ©03 94 05 06 07 08 09 10
———— (114 H2)

Fig.3-2: Theoretical specific heat ratio data for given pro-
pellant combinations (frozen flow, 68:1, Pc=50 bar)

Increasing atomic hydrogen weight fractions in the propellant
yield higher thrust chamber gas iempcratures and thus, will lead
to higher atomic hydrogen mol fractions of the combustion
gases. Simple atoms, however, have only three translational de-
grees of freedom, and hence, yield lower specific heats, which
results in increasing values for X.

6000 T Y T T T T 1A0UL
G PROP. SYSTEM Hmet/LH?2
o ?4 %
5 5000 / ou ‘:
o I Temperature ) E
] e Filoces =
= e 5
/ }:)oc Impulse e ;’;
1000 7 4 e I
00 02 04 0,6 08 10
—» 11/11+H2)

Fig.3-3: Theoretical data of gas temperature and vac.
specific impulse for Hmet/LH2 combination (frozen flow,
68:1, Pc=50)

As may be seen from figures 3-3,4, the vacuum specific impul-
scs of the systems Hmey/RP1 increases nearly lincar for a wide
range of Hmet weight fractions (nearly the same for sysicm
HmetyMA), compared to the system HmeyLH2, Morcover a
very high temperature level is reached very soon with increa-
sing Hmet weight tfraction, compared to the system Hmet/LH2,
which yiclds a morc constant gradient for the temperature
curve. Increased chamber pressures shift the curves to higher
valucs for all combinations.




Reiila . A

6000 Prop, System fimet/RP1 ]
S } b1
% som i === y
a P -om
g >
'g'_ 4000 +—\Lemperature 10 a
£ P f
b= T . 9
k300
3000 1 /Sgec. Impulse _ﬂ
/ e ual -3
4
2000 A
L a0
100073 2000
0 s}
00 01 02 03 04 05 06 07 08 09 10
—» H/(H+H2)

Fig.3-4: Theoretical data of gas temperature and vac.
specific impulse for Hmet/RP1 combination (frozen flow,
68:1, Pc=50)

Results:

*Hmet propulsion systems with specific impulses of today's
values {4500 m/s), have combustion gas temperatures much
lower (beneath 2000 K).

*High Hmet weight fractions yield high specific impulses,
but also high combustion gas temperatures (up to 5500 K)

*The gas temperatures of the systems Hmet/RP1,MA rise
rapidly with Hmet weight iraction, those of System Hmey
LH2 rise slowly.

*An increase of %Hmet from 30% to 80% will hold gas
temperatures nearly constant below 5060 K for systems
Hmet/RP1,MA. The specific impulse incrcases constantly
from about 760077000 m/s to 12500/12200 m/s within the
same limits.

+The specific impules of the system Hmety/LH?2 risc more
rapidly with Hmet weight fraction than those of the systems
Hmet/RP1,MA.

The curves for temperature and Ivac of the systern Hmet/H2
behave nearly identical.

*Hydrogen as working fluid is advantageous, due to less
temperature criticality.

9000 &ITTF_I'il.II 1
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Fig.3-5: Theoretical data of characteristic velocity and
vac. specific impulse for given propellant combinations
(frozen flow, 68:1, Pc=50 bar)
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The computations of the characteristic velocities yield the

following results:

*The higher vaiues of the characteristic veiocity in the
sequence H2, MA, RP1 indicate a combustion nrocess of
higher energy and efficiency corresponding to a lower value
of propellant consumption.

«Hydrogen as working fluid represents the best alternative
due io highest values for both, characteristic velocity and
vac. specific impulse, at low Hmet weight fractions.
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Fig.3-6: Theoretical data of density impulse for given
propellant combinations (frozen flow, 68:1, Pc=50 bar)

The results of the computation of the volume specific

impulse are:

»The more dense working {iuids RP1 and MA shows an im-
pressive advantage concerning tank volume reductions,
compared to hydrogen, which yiclds no more than 430 kg/
m3 of bulk density even with 90% Hmet.

*Therfore the density impulscs are much higher, using RP1
or MA as working fluids.

To give a compa:1son of the combustion behaviors between the
metallic hydrogen propellant combinations and other conven-
tional liquid propellant combinations uscd today, the vac. spe-
cific impulse and gas temperature arc ploited in Fig.3-7,

If the specific impulse with metallic hydrogen combustion is
fixed on the level of the conventional high encrgetic combina-
tions (LOX/LH2, LOX/F2), the gas tempcratures will be lower.
In the case of the constant gas temperature, the specific impul-
ses are much higher.

Results:

*There are lower thermal risks of thrust chamber due to
lower chamber temperatures, if metallic hydrogen propul-
sion is used in the realm of conventional specific impulses
(low percentages of metallic hydrogen).

*An cnormous increasce in specific impulse arises, if chamber
temperatures arc not kept within conventional limits.

*The combination using hydrogen as working fluid shows the
most extreme behavior in this sensc.
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Fig.3-8: Comparison of various propellant combinations
(frozen flow, 68:1, Pc=50 bar)

3.3. THRUST CHAMBER COOLING

In the case of increase of the metallic hydrogen fraction above
15% 1for the system Hmet/MA and Hmet/RP1 respectively ab-
ove 40% for Hmet/LH2 the chamber temperatures will increa-
seover the values for the conventional propellant combinations
whichlics in the range between 250 K and 3700 K. Becauise of
the high heat transfer rates from the hot gases to the chamber
wall, thrust chamber cooling becomes a major design conside-
ration. The objective was 10 investigate the influences of gas
temperaturcs, arising from H{met-combustion, on chamber coo-
ling demands. The results can only be regarded as simple
approximations.

Fig.3-9 shows schcmatically the cooling problem, which is ba-
sically one of heat and mass transport associated with conduc-
tion througha wall. Itcan be treated asaseries type heat-transfer

problem.
Fig.3-9: Tem-
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The gencral sicady-state heat-transfer equation can be expres-
sed as follows:

q=H(Tg-Th=Q/A

where

q : Heat fiux or heat transferred per unit erea per unit time
[Wim2)

H " Overall film coefficient or overall heat transfer coefficient
[W/m?°K]

Tg : Absolute chamber gas temperature (K]

T : Absolute coolant liquid temperature [X}

Q : Heat transfetred per unit time [W] across a surface A [m?]

The determination of the overall film coefficient H is a rather
complex problem. It can be expressed as follows:

H=1/(1/hg-+t/k+1/hc)

where

t : Chamber wall thickness [m)

k : Thermal conductivity of chamber wall {W/m K}
hg : Gas film coefficient [W/m? °K ]

hc : Coolant liquid film coefficient {W/m? °K]

H is composed of the individual coefficicnts for the boundary
layers and the chamber wall. The smaller H, the smaller is q.It
is onc of the major design goals to keep gas side heat transfer
coefficient hg low, but the coolant liquid heat transfer coeffi-
cient and conductivity vk high, in relation to hg. The cooling
problem will be analysed in z very simple manner, based on the
given data for q and H of the SSME thrust chamber. It will
simply be answered, how much the cooling parameters q and H
will change relative to the SSME data, as function of the relative
change of chamber temperature (which isin turn dependent on
Hmet weight fraction).

The following table 3-4 states the most important material
parameters cxemplary for the SSME, which uscs the today's
most developed integral CuAeZr design.

Parameter Unit Integral CnA’%r fendency
—— design of SS

enmal conduc!ivi% A WiemkK 3.3 stould be high
Coefficiert of them K1E6 16.5 shouid be low
expansion
Wall thickness cm 0.07 should be ow
Ovenll film coefficient H W/me °K 8.797 should be high
Poissons ratio of inner shell |- 0.34 should be high
material
Max heat flux q Wiem? “IBR0 should be high

(for ey erm=75%)

Tab.3-4: SSME chamber material parameters and
overall tendency

Fig.3-10,11 gives an impression of the cooling difficulties
induced by chamber temperatures above today's levels. The
percent changes of the heat flux, dq, the temperature drops from
absolute chamber gas temperature tothe absolute liquid coolant
temperature, dT, and the change of the overall film coefficient,
dH, are ploned over the change of metaliic hydrogen weigit
fraciion for the combinations Hmet/LH2 (Fig.3-10) and Hmet/
MA (Fig.3-11).

The zero-line represents the SSME technology with chamber
temperature of Tc=3637 K and coolant liquid temperature of
T1=420 K. The changes for dq have been computed for constant
dH and just the other way round, based on the general steady-
heat tranfer equation. It should be noted here, that this approxi-
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]| todays technelogy |17 =43 dq [ higher, if H-const. rature.
1017 =1 Tz . ‘ This means for example that 50% Hmet
- q é ' : : ina Hmet/LH2 propellant yields a tem-
50 AL A SR A | AR M for above h
k SSME| | i peraturc drop of 52.9 per ceni above the
Tech-| ; _ ; reference value for the S3ME. 11us can
“I‘;'v“ﬁ’ ) R—% %7 205 1.0 _ be realized cither by 40 per centincrea-
50 || B3| BB Critical value for N+ Heat transfer cooMictent < se of the heat flux compared to the
| Suals Humet wc';ht frac;llon e { must be lower, n‘q-const) SSME with constant overall film coef-
100 o : — 7 7 ficient, or by 28.5 per cent decrease of
005 010 020 o, 040 05 06 37 08 09 10 the overall film coefficient with con-
> H/(H+LH2) stant heat flux capability. It it obvious,
that tremendous cfforts in the fields of

material rescarch are neccessery yiel-
Fig.3-10: Sensitivity of chamber cooling for propellant ding matcrial propertics capable of mecting those demands.
system Hmet/LH2, relative to SSME chamber cooling On the other hand, Fig.3-10 gives the positive result, that
tod" s cooling technology will be sufficient up to 30 per cent
of ..umet fraction, representing the potential for low cost cham-
ber technology.,
Results:
*The propellant systems Hmet/1LH2 and Hmct/MA shows
different behaviors concerning cooling requirements.
*Todays cooling technology is applicabic up 10 30% Hmet
for system Hmet/LH2.
*Today's cooling technology is applicable only up to 5%
Hmet for ihe system Hmet/MA.
*These values are optimistic.

mat computation docs not regard the influence of changed gas
composition by using other propellants than in SSME. The
results given below are optimistic limits. The points in the figu-
res 3-10,3-11, where the bars cross zero, will probably move to
theleft, due to the fact, that the investigated propellants yield lo-
wer molecu'ar weights than LOX/LH?2, and heace yield higher
gas side hcat wransfer rates.

The changes of premises indicate the beginning of the rangge,
marking incrcased technology requirements for the chamber

N :w" =‘ -~ : e : - _ ] *The system Hmey/LH2 offers a great
o Matcerials must wi stan : : 1. ~oyet e . ~h-
®  linereased heat flux, g it Hconstf 1 i polcnlml. for cost savings of chamber
£ S : : 3 and cooling technology if Hmet
8 fractions bencath 40% are chosen duc
E 1o their low chamber temperaturcs.
© *The system Hmet/MA offers con-
stant cooling conditions in the range
o 11 )0, - (& 1
SSME between 20% and 60% Hmet weight
Tech- fraction,
"I(’lﬂl!')‘ sEnhanced rescarch towards materials
eve

with increased thermal conductivity
and low thermal expansion cocffi-
cients is required.

*Further investigations concerning
gas side heat transfer minimization

L ' P ; S T A N and coolant side heat transfer maxi-
100 / / / / / / / / . / £ L 7 7 72 77 7 7 . . .
f f t y f f f f f f- mization arcnecessary.

005 el10 020 030 040 0S5 06 07 08 09 10
——» H/(H+MA)

Fig.3-11: Sensitivity of chamber cooling for propellant system Hmet/MA, relative
to SSME chamber cooling conditions
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3.4 STORAGE CONCFPTS [ 2 Prov lank diameters
RS . e !"i ‘/! ,’5
¥ This chapier coniains parameiric resulis of some refiections on ; ?{
5 basic design configurations of propellant tanks. These investi- k j
’ gations base on the assumption of metallic hydrogen being 41
stable at all pressures and in all different states of aggrezation. x o
| -
. H
! 3.4.1 Infiuciice on propellant volumes 0.
: T :
? An important propellant parameter is their density. High densi- e i
1- ties are desirable to minimize the size and weighi of propellant n g
| / Z
: tanks and feed systems. ] Z
; The Hmet weight fraction dependent storage volumes for the .. é
’ propellam combinations Hmet/LLH2,SLH2,SH2 RP1,MA have s 7 10 2 30 40 SO 6 70 A 9% 100
: been computed for different payload masses (5 Mg, 20 Mg and ————> Hmet welght fraction (%)
200 Mg) for a 9300 m/s-SSTO-vehicle mission. Absolute
values have been connected with corresponding values for a .
conventional LOX/LH2 system (O/F=5; Expansionratio 68:1; 12 (T7 1 |Prop. fank diameters | , i
f_, eq. flow) yielding 4111.67 m/s specific vacuum impulse. In E %—-’MAW Payiond mast: S g
| Fig.3-12 the propellant volume fractions are plotted over the E 1 .' e S L Moo ek 8
'_ Hmet weight fraction for the different propellant combina- s A S S S
= : 8 ' - - Tank diameter: Timel |
g : - D e ‘ : i3 Tank i TMA ]
s Propellant volume comparison J A 7 ' : 7 m‘wf AL
i T T T T 247 W
£x ; b -
o> 30 Rl i ) sMEA..
89 : —
% I~ terioration compared Lo vonventional }% P ,/l -
>X 254 ...\LOX/LH2-voiumes (larger prop. volumes) ... .. . . %
2% T LY 15008 S0 S e e St N SO S 3 ?
<5 20 LOX/LH2 System data- 2 n//
= -] Velocity increment: m/s g
&> 184 . 1 «Payload mass: S Mg ! %
DT X i *Vehicle dry mass: 30 Mg ] 4“
H {7 [x=RP --> +Required propellant 0 .
-— < volume: 1032 m**3 5 7 10 20 30 40 50 &0 0 80 90 100
] B A St ks S Tettod) S R ————————% Himel welght fraction (%)
0,5 oration compared (o conventional 3
B N FO)f/LIP-vqumfl (?nnlln prop. vohfm-‘)
00 + r e A
e T T e Fig. 3-13: Required volumes expressed as diameteis of
L >~ Metailic hydrogen weight fraction (%) spherical tanks of propellant components plotted over
metallic hydrogen weight fraction
tions.
Fig.3-12: Relative changes of propellant volume with Results:
metallic hydrogen weight fraction; factors at vertical axis  «If hydrogen in liquid, slush or solid state is used as seconda-
indicate the change to the corresponding values for LOX/ ry propellant component at least 15%, 16 respectively 17%
LH2 system mealic hydrogen weight fraction is required to be smaller
in propeliant tank volume compared to the conventional
All line points above a volume fraction of one are not as good LOX/LH2 system.
as the conventional LOX/LH2 system, they have larger volu-  <Most effective reductions in propellant volumes arc achie-
mes. All line points belowa volume fraction of one represent veable with methy!l alcoho! and RP1 as secondary compo-
potential mass reductions. Hmet weight fractions above 17% nent. Less than 10% Hmet weight fraction will be suffi-
yield propellant volume reductions, compared to conventional cient.
systems. *40% Hmet weight fraction yield propellant volume reduc-
In Fig.3-13 the volumes data are expressed in terms of diame- tions less than a factor of 0.5 for all systems.
ters of spherical tanks to increse the vividness. «Increasing Hmet weight fraction reduces sccondary compo-
nent propellant volumes very strongly meanwhile the
Hmet propellant volume increases modcrately.
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3.4.2 INFLUENCE OF PROPELLANT STORAGE
TEMPERATURE

Metastable metallic hydrogen propellant could call for storage
temperature down to S K. If the cryogenic propellant compo-
nents LH2, SI.H2 or SH2 are used, storage temperature still
down to 12 K / for SH2) is required. The most serious tank
design problems for cryogenic propellants reduces to the design
of adequate thermal tank insulation. A simple approximation of
the insulation thickness and specific density will answer the
question, if storage temperatures in the mentioned ranges will
be problematic.

The insulation requirements may be specified for the three
phases listed in Tab. 3-5.

ulring phase ObJective Materlal

Ground hold period To reduce eveporative losses and | nsulating blankots ( d prior
therawith cosy wli Q

Boost phase To reduce heat transfor due to ¢.g. Laminawd-type insulation
acrod ic hesting

Coast flight in. space © prevent propeliant from Radiation shicld (magnesium oxide,|
radiation from sun and the planews | silver applicd as coating onto light

base aluminum

Tab.3-5: Insulation requirements for propellant tanks

From the mass of propellant tank point of view the ground hold
period and boost phase are of importance. To investigate the
latter point, the general steady-state heat-transfer equation has
been used:

q=Q/A=(k/t):DT
where
q : Heat flux or heat, transferr.d per unit area per unit time
[W/m2]
Q/A  : Heat wansferred per unit time [W| across a surface A {m2]
H : Chamber wall thickr.ess [m]
k : Thermel conductivity of chamber wall [W/m oK]

DT : Temp. differntial across the insulation (T2-T1) [K]

Tab. 3-6 shows the regarded temperatures during the ground

hold phase and the boost phase.
| TIK) Grownd hoid phase Boost phase
Tig= Tda700
oT DT
Tloua Tigmes | T2gTimin | T2g Tigowx | Tlbmax T-Timin | T25-Tibmax
1] 12,8 p-X] | AsS 62,5 [ [X1K]
4 1] 24 2 83 [ 613
0 30 F1l] P21 00 [] 600
7 1928 21 1058 42,3 [¥] 4373
28 98 0 M8 40 352
T1 : Temperature of insulation surface near the tank wall
1 : Terpuranus of the outse insulatian surfece
'] : Ground hold phess
b : Boast
Tigmax = Timined §
Tibmax = Tigmax+0 K

Tab. 3-6: Absolute temperatures and temperature diffe-
rentials

As insulation a honeycomb light weight system has been
choosen due to wide application for cryo-tanks. The cross-
section through the honeycomb-supported tank structure may
be seen in Fig. 3-14. The insulatica consists of a honeycomb
core filled with foam (isocyanate-type), installed between an
inner and outer facing laminate type sheet. The space of the gap

between the tank wall and inner insulation surface is purged
with helium to reduce the vacuum degradation by infiltration of
air and to serve as leak-detection device. This insulation system
delivers a thermal conducitivity of about 2.883E-2 W-m/m?-°K
(which is equivalent to 0.2 Btu-in/in-sec-°F).

HONEYCOMB CORB mgg OF
PHENOLIC-IMPREONA'Y
FIBERGLASS CLOTH ATMOSPHER”,
DENSITY: 35.24 kg/m)
X rr- Q762 mm THICK
N !NSULAT-‘[I?N SEALED
SPACE IN HONEYCOMR ATion
FILLED WITH FOAM r DENSITY: 75.28 kg/m3
INSULATION
DENSITY: 32.04 kgm3 o
[ TERLON |
SPACERS
04064 men THICK
R o WA LEss %‘m‘?ov{a#m?wu GAS
STREL TANK WALL CRYOGENIC PROVELLANT

Fig. 3-14: Construction elements of a cryogenic tank insu-
lation design (external type); [from 15]

The relative changes of thickness and density with storage
temperature cofinected to the conventional liquid hydrogcn
system (T-storage: 20 k) is shown in Fig. 3-15. The approxima-
ted valuesare given for the ground hold and boost phase requi-
rements.

—| Tank insuiation
@ge of intremd insulation requirements) .. ;

o

~

ity:

m

R Thkckness: 267 mm |

-{*Thermal conductivity{..
2

Camgrsin (%) —o= -

W.m/m**l-degrec -

N R

b

[

.L(flunge of Ialuhlloa thkknm (%)] AR .
2 ltgictnn'e o!qeclﬂt denslly(%) j o ’

17

H R 2 n
Storage temperaturs (K)

Fig. 3-15: Approximation of per cent changes of the thik-
kness and specific density of propellant tank insulation
material for various propellant storage temperatures,
cornected to conventional liquid hydrogen storage
conditions (20 K)

Results:

+Storage of propellants even at temperatures of about 5 K is
technically feasible and will not increase the insulation masscs
dramatically

*Propellant storage temperatures in the range of slush hydrogen
temperature (14 K) respectively solid hydrogen temperature (S
K)require an increase of insulation material thickness of about
2.25%/5.99 % for minimum values of ground- hold phase re-
spectively 0.87%/2.2% for boost phase conditions, coripared
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to liquid hydrogen storage conditions (T=20 K)

*The increase of required specitic density of insulation material
will not exceed 5.73% in the case of ground hold phase,
respectively 2.21% in the case of heost phase, if storage
requires 5 K.

-If storage is needed at 77 K a dramatic decrease of insutation
m: erial thickness (-20.6%- grou.a hold phase) and density (-

19.13%- ground hold phase) wili happen.

3.5 PROPULSION CONCEPTS

The propulsion concept design will primarily be the question of
tank arrangemeats. dependent on the state of aggregation of the
propeliants. Although the probability, that metallic hydrogen
will exist in a so' state, a liquid system has also been
investigated. A general review about the positive and negative
characteristics of liquid, hybrid and solid hydrogen propulsion
systems wil! be given below.

3.5.1 Liquid metallic hydrogen propulsion systems
(Hmet/LH2,SLH2,RP1,MA)

The liquid systems are the propellant combinations PC1,2,3 4
from Tab.3-2. Fig.3-15.shows the overall propellant tank
heiglits, based on a conventional bipropellant tandem arrage-
ment. The maximum diameters have been defined to 6 m for the
hydrogen tank and 3.8 m for the MA tank.

As may be scen from Fig.3-+ | the overall tank heights can be
reduced dramatically “vitb inctallic hydrogen propulsion sy-
stems, compared to conventional launchers,

The principles of liquid metallic hydrogen propulsi~ concepts
arc shown in Fig.3-17 (p. 12). The feeding of the investigated
liguid propellants can be done by conventional methods, either
by gas-pressure systems, by turbopump systemsor by combina-

stlem Limet/[12

T
PRELE 7, . e
.‘g"m ~Il 20 Mg l
2" {pv=9300 mis!
= 110 ]
& 10

AL ZAANARIAR AR AR

NNNNANNANNNN

710 20 % & 30 60 0 W0 W0IM

—» LHmet (%)

Fig.3-15: Propellant tank dimensions for liquid metallic
hydrogen system (m1: 20 Mg; DV: 9300 m/s)

tions. A new feeding alternative of Hmet could be realized by
clectricity due to the conductive properties of Hmet. The
required technology could be adopted e.g. from mass driver
concepts. Magnetic fields moving down the Hmet propellant
ducts acting as mass driver. Disadvantageous is the need of
extrapower required onboard. Itisconceivable, that, during*
next millenium, encrgy transmission from the ground i the
vehicle e.g. by laser beams could reduce this pioblem only to
one of energy conversion. Some aspects concerning the differnt

feeding systems arc given:

«If metallic hydrogen is available at temperatures in the range
of 5 K further research is necessary as to rotating parts of a
turbopump system

Lower mass flows make the use of :urt opump system easier

+If lower percen.ages of Hmet are usec (together with over
proportionai secondary mass requirements) a pressure feed
system could be suitable for Hmet-feeding, a turbopump
system for the secondary component

3.5.2 Hybrid metallic hydrogen propulsion systems
(SHmet-P,G/LH2,SLKE2,RP1,MA)

The systems PC5 to PC12 (sce Tab.3-2, p. 4) use metallic hy-
drogen in solid form in conjunction with liguid working fuels.
Meiallic hydrogen in solid state is most likely. It can be classi-

fied as follows:
G:—Ii—dn.\c—t:ll'_lchydro'eﬂ E

I

e
Microscopic Macrmsaopic ;
Solid (Powder), » Typec! iolid state Soiid (Grain),
Sllnul-? R SHNLG

[ C‘——] : (—‘-‘—] Combinatien with [“““‘"‘]
Monoprop. 1 Bipropeil. ":u:?ng'l:ll Bipropell
Conventional . wi

l grain ™ E Ch"* »ln .

Shlpeo(lrlm S

De;ruolhqulduy

Fig.3-16: Different forms of solid metallic hydrogen

SHmet could be stored as powdes (microscopic particle size,
SHmet-P) or as grain (macroscopic particle size, SHmet-G).
The powder concept can be subdivided according to the number
of requircd tanks into monopropellant and bipropellant sy-
stems. Monopropellant systems offer the chance to reauce the
complexity of the overall storage system. Solid hydrogen c-uld
be used 2s suspensior in direct combination with the secondary
propellant componentaas slurry or gel. The latter is more viscous
than a slurry propellant.

The conventional grin concept represents the classical solid
grain, which is cmbedded inside the thrust chamber. Small
petletsare :tored ir an extra tank. They will be ins.crted into the
thrust chamber like the ammunition of a submachine gun. The
rolling-up of solid metallic hydrogen wire represent another

220




grain concept.

Common to all solid concepts except ~uspensions, is the lower
package respectively storage density due to air-spacing. Howe-
ver, this should be without prejudice for the overall system, if
the fraction of metallic hydrogen 1s great enough, as mentioned
in previous chapters. The different concepts are explained
below. Most of them have been previously described for con-
ventional metal combustion,

3.5.2.1 Powder bipropellant concept

This concept regards the solid hydrogen propellant as powder,
which is stored isolated from the respective working fluid. It
will further be distinguished between separate injection (con-
cept A) and common injection (concept B) into the thrust
chamber, as may be seen from Fig.3-17. The SHmet-P prope!-
lant will be fed by high pressure gas. The working fluid will be
fed by a turbopump driver. by a turbine, based on an open
combustion tap-off cycle.

In coricept A the SHmet-P will be injected directly into the
thrust chamber. Concept B introduce a mixing of the compo-
nents before injection into the chamber. The mixing process is
realized by means of the ejector principle. The main a.'vantages
and disadvantages of the two diergol concepts are summarized
In Tzb.3-7.

Concept A | Concept B
Advantages *High siorage density
*Easy controllable force of reaction

*No mixing of fuels before
injection

*More simpic ignition head

l)isadvamages *Feeding of SHmet-P only by means of pressure gas
+Lump appearance in the tank due to humidity
*Dust iormatica in the tark
*Danger of clogging in the ducts/lines, valves
*Complicated filter te~hnique required
*Complicated tank geometry
+No lierature available
+Unfavoursble SHmet-P tank form
*Complicated injection cystem *Desigr of ejector sysiem
*Mixing prozess in thrust chamber | sTemperature gradicrt- juring
mixing in case of temp.
differences
Problems +Determination of optimal panticle sine
*Production of homogeneous particle size
*Fxling of SHmet-P
*Flow behavior (wail influences)
*Valve technology
*Monitoring instrumentation (flow, quantitics and levels in tank)
«Therma! tzhavior due to particle friction

+Ignition bebavior

Tab.3-7: Diffei ent aspects concerning SHmet-P-bipropel-
lant concepts (A: separate propellant injection; B:
common injection)

3.5.2.2 Powder monopropellant concepts (slurry/gel)

A monopropellant system is a potential aliernative to reduce the
svstem complexity and therewith a good chance to reduce the
space transportation costs. The problems of slurry combustion
are described in literature [17). Although these investigations
concentrated on coal-oil slurry combustion, many aspects can
be adopted for a metallic hydrogen slurry concept.

Slurry means a suspension of solid particles inside the liquid

working fluid.

A gel is a liquid containing a colloidal structural network that
forms a continuous matrix and completely encloses the liquid
phase. For comparison of both concepts, see Tab.3-8. Illustra-

' v e 2_177
tions of the concepts can be seen in Fig2-17.

Slurry concept ]

Advantages +Reduction of overall system complexity

*Reduced number of components

+Smal vehicle cize

Research projects just under wav

*No mixing of fuels before ] +No propelisnt sloshing
injection +Handling case

Dlsadvnnuges *Feeding of SHmet propellant by means of pressure gas (if gel

Gel concept

propeliant) -
«Danger ot cloggs, in the ducts/lincs, valves
Ne H d ’a i, 1 3

p que req
~Special pumps necsstary due 10 high viscumity

«Lypass system required (if clogging)

+Flow behavior dependant on temperature

*Coolant of chumber is problematic

+High viscosity (can be reduced by heating)

*Propellant sioshing «Sto12~¢ temperature dependance
*Required constant mixing +Shear te-nes required to make it

flowing
=Additives (ay gellactanis) regeved |
Wb]ems *Filtering of the slurry to prevent ciogging

+Mechanical stabilization in the anticip~ted environment
«Influence of Hmet weight fraction on flow behavior
+Deteninination of optimal particle size

+*Production of homogeneous particle size

«Influence of particle weight distribution

«Fueling

*Flow behavior (wall influences)

*Yalve technology

~Monitoring instrumentation (flow, quantitics and levels in tank)
*Thennal behavior due to particke friction

«Ignition behavior

~Combustion chanacteristics (droplet size, cvaporation behavior, burning

velocity, . )

Tab.3-8: Compavrison of SHmet-P-monopropellant con-
cepts

3.5.2.3 Hybrid grain concepts

Here macroscopic grains of Hmet are regarded. It is complcte-
ly unknown how solid metallic hydrogen in concentration of
100% will interact with its environment. From solid atomic hy-
drogen imbedded inside a solid molecular hydrogen matrix,
high regression velocities in the range of 2.1 m/s are known. For
this study metallic hydroger. mass flows will be assumed to be
in the range of today's magnitudes, possibly by means of addi-
tives.

In the case of the gonventional grain congept solid metallic
hydrogen propellant is contained within the combustion cham-
ber, in which the liquid working fluid will be injected. A more
detailed critical examination may be seen from Tab.3-9,

The pellet congept means, that spherical pellets of SHmet will
be injected into the thrust chamber. Disadvantageous is the
lower propellant package deasity in the tank and fluctuation of
the combustion, dependent on the injection rate. Advantageous
is the flow rate controllability and engine shut down capability
incascof emergency. Production could be easy due to the siaall
size particles, delivered by the diamond anvil cell.

The wire congept is a completely new one. Solid metallic
hydrogen is spooled onto a coil which could be driven by
clectric energy or pressare gas. Full thrust controllability is
given. Disadvantageous will be the lower propellant package
density combined with additional mass for the coil and bearings
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as weil as the difficult sealing of the feeding lines. Moreove, the
solid propellant has to be pliable.
The different grain concepts are compaired in Tab.3-9 while

listed in Tab.3-10. They vanish immediately, if e.g. stability of
solid particles can’t be assured in case of quarrelsomeness
between SHZ and SHmet (e.g. duc to different component tem-

illustrations are shown in Fig.3-17. peratures or mechanical respeciively thermal sensitivity). A
Conventional J Peiiets T wie——1 Ssimple illustration of the concept can be seen in Fig.3-17.
grain
Advantages High propellm dcaity Advantages +No feed systems
+]decarest mat am o
~Lacs wo::. problems of | +. Ly trust control «Pully urast ool N.o "lv.“ ,

the chamber wall +Peading problemascs | -Engine shut down +Simple in construction

+Low package desiy known from *Mechmical feading by Disadvantages | «Difficult propellant production

.mly thrist control ED:EI;‘:;HM:M in smvil o *Low storage temperatures
.,.ui *No thrust modulation

— oy - Engl shol dovs i +Long duration storage problematic
isad g * ecergy density . ¥ 3 . .

“Hish — iy - e «Cigarette. Pumcr( >small buming area, changing

Addib y o dopnadent v pel'cls sim | dependept co wae C‘W“’lm)

raduce burning velocity | ~Sosling | poomeny Problems “High temperature gradients through propellant curing

+Resdmg nf liquid ~Combustion Mlucietion | <Complicand fading combustion

¢ mponsat by prasire sysmm . . . .

e «Difficult saling of +Unknown combustion reaction velocity as function

foading livas of % Hmet 1
*Required plisbility
Probl nflussics of slactic and magoelic falds

“Comhuton belurter "m"’ﬁ"“?lf?:."“ g e Tab.3-11: Analysis of sclid propeliant metallic hydrogen
o a2l chambss propulsion concept
«Pelleis feeding ram

Tab.3-9: Comparison of potential grain concepts

3.5.3 Solid metallic hydrogen propulsion system (SHmet-
P/SH2)

A solid propellant metallic hydrogen propulsion system is con-
ceivable as a solid hydrogen matrix, in which solid metallic
hydrogen particles are imbedded. It makes more sense to use a
microscopic powder rather than macrcscopic solid particlesbe-
cause of the more homegeneous combustion behavior.

A concept like this offers the known conventional advantages,

.
HYBIO W et PROPULSION SYSTEMS (SH wgT) [PBUID Hy ey PROPULSIONSYSTER SOLIG HueT
PROPULSION 3YSTEM
BIPROPELLANT SYSTEMS
wE et SH mat + $Hy
SHp . WF
O—wea | ﬁm
SHmet-G L - _J
ng (conventional grak) Pressure
foeding
. system chamber
> NL’:" w cooling 8 valuss/ reguiators
/ ovice <& Migh presaurs pump
SHmet.p l ¢ Turbine
N} m O Flow motoring Fikers
] R R LH met : Hiquid
[+ BONOPROPECLARTSYSTENS et S akic hydrogen
- SHmet :solid
Hmat.a sa: L — Limet wF et metanic hydi>gen
SHmet-G > WF) (SHmet -6 WF  :Working fusl
(wire, + WF} g q‘mnyl sicohol,
i P 1, LH2, SLH2)
) - SH : solid metaliic
X N . meF  nydrogen powder
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: HPG —"—O‘J sotirce SHmet-G l;l‘Id metu.lic
) preasure hydrogen grain
whe o tovding
foeding of sivctricsl
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[ \\ Z device
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l (KR 14 XK
_ FL . S | ll

Fig.3-17: Illustrations of possible metallic hydrogen propulsion concepts
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3.6 PROPULSION PERFORMANCE

The following figure 3-18 gives the relations between metallic
hydrogen percentage in the fuel and global vehicle mass frac-
tions for :he most advantageous propellant combination, Hmet/
LH2. Of importance arepayload mass ratio M1/MO, dry mass
ratio Mi/MO endpropeliant mass ratio M8/MO which gives
total vehicle mass in the sum.

Thevalues grven base on simple basic rocket eguation calcula-
tion rather than on a detailed mass model. Launcii masses
required for reaching the velocity increment of 9306 m/s with
constant vehitie dry mass of 30 Mg, are inserted into the
columns for each calculation.

{Launch mass: } ) Paylosd mass:
2178 ] -
10| 039¢— ¥ t—6.504 oo rs
0.014 0045|208 Mg
0.092 ~0.01
47 ,‘ ]
0.894—— K\ 0.504
0.053 IR RS 037 |20Mg
0.042 \\ \ 0.19¢
b, g J
”U 170] { 7< 7271, oses
0.59¢ —1 N
10 0.091 Q % \\\ 0.8 _5_ M‘
\ L 2LAVZACZN Y oo
0. oxs 5_’/ P 2 Dry mess ratio Ma, MO /
2 - .
" 0 M, 7 i PO [ U U T )
V- 9330 | Hmet mass faction (%)

Fig.3-18: Approximations of the main vehicle mass ratios
dependent on metailic hydrogen percentage and varying
payload masses (SSTO-calculation)

Results:

*Resulting vehicle launch masscs for given mission demands
are low, compared to existing launchers, even at low Fmet
mass fractions,

+Payload mass ratios were kept constant for different payfoad
masscs.

*Use of metzllic hydrogen propellant yields a great potential
for launch mass reductions.

*Increase of dry mass ratio with %Hmet results from constant
payload mass.

At low metallic hydrogen weight fractions of 5%, with a
payload mass of S Mg represent mass ratios of todays
launchers (notc:here SSTO calculation with DV=9300 m/s).

+The propellant mass ratio decreases to a minumum of S0.4%
with 100% meitallic hydrogen .

*Payload mass ratios increasc with payload mass for all
combinations, whilc the dry mass ratios decline. Today, dry
mass raiios in the range of 10% to 13% are feasible. All
computed dry mass ratios above this range (see Fig.1)
indicate free mass potentials which could be used either for
higher payload masses or for hcavier but more stable and
therefore saver vehicle structures.

*Dry mass ratios for 200 Mg of paylead are lowe, .1an 6.5%
in cach case, which indicates the need for better leight
weight structures if payload mass is not to be reduced.

3.7 ENVIRONMENTAL ASPECTS

One dominant characteristics of super high energy metallic
hydrogen propellant is the specific impulse. However there
exists limits for the specific impulse primarily due o
acoustics.The negative effects to the surroundings of the launch
vehicle:
*Me=chanical effects (e.g. on ground equipment by vibrations etc.)
*Chemical effects (e.g. on the atmosphere the vehicle s flying through)
*Thern:al effects (e.3. on the atrosphere or on the ground)
*Acoustival effects (on the surrounding but also on the vehiclc itself)
*Emergenc; destruction effects (around the point of vehicle destriic-
tion)
Notall of thesc ~ffects seem to be critical for the operation of the
launch-vehicie. The present paper discussesonly the problematic
effect, which arises due to the enormous exhaust velocities,
dependent on metallic hydrogen weight fraction.
The primary impact comes from the sound, wich is defined as
mechanical oscillation insidz an acoustic medium. It is measu-
red as sound pressure and sound velocity. The oscillating pres-
sure p has the most dominant destructive influence on technical
structures with resulting effects on the environment. Practically
the scund pressure level Lp is measured in decibel:
The sound pressure produced by rocket engines can be divided
mto jet-stream noise and combustion noise. The jet-stream
noise rises with the exhaust velocity and is therefore the
dominating sound source.

2
Lp [dB] = 10 1g 0 P=
p [dB] gxo(pozj

where:
P: Oscillating pressure

To quantify the cffect of acoustic noise, the power of sound has
been calculated. Between 0.7 and 1.6 the Mach emvitted power
of sound by a jet-stream is raising with cight to the power of the
exhaust velecity v. With an exhaust velocity greater than mach
two (v > 2 Mach), the jet-stream power of sound rises with 3 10
the pewer of the exhaust velocity (/27/, p. 281). Fig.3-19 shows
the results of the parametric calculation of the acoustic noise
levei as function of the jet exhaust velocity with the distance r
from the source as parameter.

Sound levels over Z0¥ dB arc not at all acceptable for technical
structures. It should be mentioned that values over 194 dB
would be cquivalent to an alicrnating pressure greater than 105
N/m2!

As limiting valucs for sound pressure level it may be proposed
[19]:

-145 dB as maximum stress limit for conventional rocket
technical structures

-160 dB as maximum stress for highiy stable designed struciu-
res and launch facilitics (submersible launch towers, concrete
shelters for measuring tools eic.).

Whereas from another authority [20] a maximum alternating
sound pressure siress of 0.1 bar (= 10* N/m#) m.., be regarded

tam
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astolerable. This limiting vatue is equivalent to a sound level of
174 dB. Future research activities at the Teckinical University of
Berlin will include detailed investigations of the correlation
betwee high exhaust velocities and generated noise power.
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Fig.3-19: Acoustic noise level as a function of exhaust jet
velocity with distance r as parameter [19]

Results:
*Gas exhaust velacities above those of conventional systems
(4500 m/s), enhance the maximum stresses of structures (r{";t
only of vehicle) near destructive limits, due 1o increased
noise levels.
*Metallic hydrogen weight fraction is an important parameter
to be considered conceming accustical effects.
*To 1ake advantage of higk energetic propulsion systems,
methods concerning effective noise reduction (below 174
dB) have to beinvestigated.
*The only effective method in the moment to reduce the
noise pow.r, seems to be air augmentation.
*Vehicle mass savings (due to high propellant energetics)
may probab.y be compensated partly by mechanical devices
to realize air augmentation.

3.8 REFLECTIONS ON COSTS

The introduction of a new propuision concept will be favoured,
if there will be a potential for cost savings, namely fos develop-
ment and operation costs. In particular, the specific space
transportation costs ($/kg-payload) respectivily the vehicle
lauch costs are of importance. They can be reduced through
high payload capabilities, high launch rates and low system
complexity. Mostly, space system costs van be expressed as
function of masses, as have been done in this study. It should be
noted, that the following reflections are more general rather
than based on detailed analysis.

As may be seen from Fig.3-18 (chapter 3.6), the use of a Hme/
1.H2 propulsion sysstem yields overall launch masses, much
lower than today's launchers. Hmet vehicles vield furthermore
higher payload capabilities with less system complexity. The
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low launch masses respectively the high launch mass ratios re-
present a possible potential to reduce the system costs.

In Fig.3-20, the approximated ranges of Hmet-vhicle launch
costs are marked, based on a parametric comparison with past,
todays and near future iaunchers.

10 - _4___'léaunch costs Mio § T

SL-12

2 L [

r System Hmet/MA

= : : [ O

: ARS B TiEae
3 | SL-13 (Proton)

3 1
1000 10000

————— Launch mass (Mg)

Fig.3-20:Approximation of launch costs of metallic hy-
drogen transportativs. systems, compared to various
launchers [1]

Conclusions:

*Propellant combinations using more cnergetic working
fluids (first hydrogen, seccond methyl alcohe!, third RP1)
yield lower launch masses and hence lower launch costs.

sLaunch costs can be reduced with increasing metallic
hydrogen weight fraction.

*Launch costs of Hmet-vehicles are much lower than con-
ventional ones carrying the same payload mass.

+Areas for the Hmet-vehicles represent the upper limit of the
expected launch costs, because that the mass values are
based on SSTO calculations (SSTO systems are less
complex compared to staded vehicles, and will therefore
lead to reduced lzunch costs).

Fig.3-21 shows the correlation between payload capability and

specific costs ($/kg-payload). The approximated range for

Hmetsystems is marked. Space transportation based on metall-

ic hydrogen system will be less costly, compared to conventio-

nal systems, due to much lower launch masses for the given
payload masses.

Further reflections on costs of Hmet-sysems are:

*The super high eneiyetic propellant combination will
require enhanced security demands which could lead to
higher operational cosis.

+Cost reduction potertial due to less complex ground infra-
structure (smalier propellant storage facilities, smaller
hangars and launch towers, etc.)

*Design of reusable space vehicles using metallic hydrogen
propellant systems could be advantageous due to smaller
overall vehicle size.

*Use of hydiogen bascd Hract combination could be much




cheaper than hydrocarbon combinations, due to probably
spreading hydrogen house keeping world wide during the
next millennium,

Spec. transportation cosis in GTO ($Xkg)

100000

10000
~———— Payload mass in GTO (L)

Fig.3-21: Approximation of specific transpo: tation costs
($-'89/kg) of metallic hydrnzen transportation systems
compared with conventional sy:teras; data of given laun-
chers have been converted imw GTO data [1)

4. SUMMARY

The study investigates metallic hydrogea for the application as
rocket propellant. Due to its very high theoretical specific
eneryy of 52 kcal/g, yielding a maximum specific impulse of
1700 m/s, and its high density of 1150 kg/m?, metallic hydrogen
wouid be an interesting propellant candidaie. However, there
are many restrictions concerning the knowledge about metallic
hydrogen;

The required atomic state of Hmet has not yet been proven
(required pressures for dissociation in the range between 2.5
and 4.0 Mbar have not been achieved today).

*Uncertainty about the metastability of metallic hydrogen
(probably Hmet will not be metastable).

»Uncertainty about basic chemical and physicz] properties,
like state of aggregation (yrobably Hmet will be a solid).

All investigations took place on condition that Hmet will exist
in an atomic state and will be stable.

Different types of potential pri;pulsion systems (liquid, hybrid
and solid system) have been analysed. Three different propel-
lant combinations have been compared: metallic hydrogen with
hydrogen (liquid, slush and solid hydrogen) as working fluid,
with RP1 and with methyl alcohol as working iluid. The main
system parameter is the metallic hydrogen mass fraction, which
influences the overall propulsion and vehicle performances
primarily.

It may be seen from this study that metallic hydrogen is of
advantage, compared to propellants used today. The overall
vehicle masses enhance the complexity of possible Hmet laun-
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chers will decrease, due to increased prepulsion perforiance.
Nevertheless, gas exhaust velocities must not be increased
unlimited, due to noise impact. For that reason, the Hmet pro-
pellant combination using LH2 as working fluid is of advanta-
g¢, vielding improvements of system performances sven with
tuday’s exhaust velogities.

The main results and conclusions followed the investigation of
combustion characteristics, thrust chamber cooling, storage
concepts, propulsicn sysiem performance, environmental loads
and costs are summarized below:

«<All system parameters depend largely on metallic hydrogen
mass fraction.

*Combustion gas temperature is mainly dependent on
metallic hydrogen mass fraction (up to €000 K with high
percentages; down to 1500 K for low percentages [conven-
tional LOX/LH2 sysiem :3750 K]).

«There are lower thermal risks of thrust chamber due to
lower chamber temperatures, if metallic hydrogen propul-
sion is used delivering specific impulses of today's systems
(low percentages of metallic hydrogen).

«An enommous increase in specific impulse arises, if chamber
temperatures are not kept within conventional limits
{combination using hydrogen as working fluid shows the
most extreme behavior).

+The propellant systems Hmet/LH2 and Hmet/MA shows
different behaviors concerning cooling requirements.

*Today's cooling iechnology is applicable up to 30% Hmet

for system Hmet/LH2 .

*Today's cooling technology is applicable only up to 5%

Hmet for the system Hmet/MA .

+System Hmet/LH2 offers a great potential for cost savings
in the fields of chamber and cooling technology.

*Enhenced m.erial research towards increased thermal
conductivitv and low th=rmal expansion coefficients is
required if high Hmet mass fractions are used.

*Metallic hydrogen weight fractions in the range cf 40% will
lead to increased payload mass ratios and reduced propel-
lant mass ratios compared to conventiona! systems.

*Hydrogen as working fluid combined with Hmet represents
the most interesting propellant alternative due to
-lowest overall vehicle masses.

-highest payload mass potential with respect to realizable
dry mass respectively structure mass ratios even at low
Hmet weight fractions.

*High percentages of metallic hydrogen may lead to a
dramatic decrease of overall propellant volume due to high
density of Hmet (1.15 g/cm3).

*The most effective reductions in propellant volumes are
achicveable with methyl alcohol and RP: as working fluids.

«Low temperature propellant storage (for iypical prelaunch
nhases) at about 5 K could be achieved with conventional
insulation techniques.

*Metastable liquid state of metallic hydrogen would be of
advantage, compared to solid state, due to technical proven
components (feeding system, valves, etc.).
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*Jf Hmet was metastable in sc':d state, a hybrid system
would be advantageous, using Hniet as powder or in the
shape of macroscopic pellets

*Noise from rocket ¢ngines represent one of the most citical
impacts o the environment

*The advantage of high specitic impulses will be compensa-
ted by the disadvantage of enhancement of the maximura
stresses of structures n- ar their destructive limits due to
acoustic power.

*Methods concerning effective ncise reduction (below the
limit of 174 dB) have to be researched (air augmentation)
*Vehicle mass savings (due to high propellant <nergetic and
hence low propellant masses) may be compensated pastly

by mechanical devices required for air augmentation,

*Propellant costs will depend on high pressure facility
capabilities

*There is a potential of launch costs and specific transporta-
tion costs savings due to the very low vehicle launch masses

*There could exist a cost red»ction potential due 10 less
complex ground infrastructure (smaller propellant storage
facili‘ies, smaller ground launch facilities, etc.)

*Use ot reusable SSTO space vehicles using metallic hydro-

gen propulsion systems will no longer be a problem

Future research activities should concentrate on the follo-
wing open technology problem areas:

*Development of high pressure facilities generating required
pressures for Hmet productior up to 4.0 Mbar

*Detailed mass model, dependent on the storage concept

+Detailed investigation of air augmentation techniques

GENERAL MESSAGE:

*The use of metallic hydrogen as rocket propellant could lead
to revolutionary changes in space vehicle philosophy
towards low weight, small size and high performance SSTO
systems

*Hydrogen (liquid or slush) is the most favourable candidate
as working fluid.

*Much more research in the f~1d of high pressure physics is
required to come (0 reliable statements about the chemical
and physical properties of metallic hydrogen.

*The technical risks concerning the use of metallic hydrogen
as rocket propellant may be controlable.
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